A fragment of alcelaphine herpesvirus-1 (AHV-1; malignant catarrhal fever) DNA was subcloned into pUC 18 and sequenced. The subclone hybridized strongly to AHV-1 DNA, weakly to alcelaphine herpesvirus-2 (AHV-2) DNA, and not at all to DNA from bovine herpesvirus-1 (BHV-1; infectious bovine rhinotracheitis [IBR] virus), bovine herpesvirus-2 (BHV-2; bovine herpes mamillitis [BHM] virus), and bovine herpesvirus-4 (BHV-4; isolate DN599). A 2-stage (nested) polymerase chain reaction (PCR) diagnostic test was devised based on a portion of the subcloned AHV-1 DNA sequence. First and second stage amplified AHV-1 DNA targets were 487 and 172 base pairs (bp) in length, respectively. Unique Pvu II and Stu I restriction endonuclease cleavage sites confirmed the identity of amplified AHV-1 DNA. Five AHV-1 and 2 AHV-2 isolates were identically and specifically PCR positive. BHV-1, BHV-2, and BHV-4 viruses were negative by the same procedure. As little as 0.01 TCID 50 AHV-1 was detected using the nested amplification procedure. Simple methods of buffy coat isolation from bovine blood were employed to prepare specimens for PCR. An AHV-1infected calf was PCR positive from 3 to 77 days postinoculation (PI), with rising seroconversion first noted 14 days PI. The AHV-1 DNA sequence was 62% homologous to a portion of the Epstein-Barr virus genome. The nested PCR procedure may improve the viral diagnosis of clinical and subclinical alcelaphine herpesvirus infections.
Alcelaphine herpesviruses 1 and 2 (AHV-1, AHV-2) are lymphotropic gammaherpesviruses infecting domestic and wild ruminants worldwide. 4, 20, 22 AHV-1 is the etiologic agent of malignant catarrhal fever (MCF) in cattle and other susceptible ruminant species. 20 The disease is most typically a sporadic, but occasionally epizootic, acute high-morbidity syndrome characterized by intense oronasal and conjunctival inflammation, corneal opacity, and multisystemic lymphocellular proliferation with fibrinoid and/or mononuclear cellular vasculitis. 13, 20 AHV-2 has not been associated with disease in cattle but produces, like AHV-1, inapparent infection in reservoir ruminant species. 16, 26 AHV-1 and AHV-2 differ distinctly in their restriction endonculease patterns, do not share extensive nucleic acid sequence homology by DNA blot hybridization, [24] [25] [26] and appear to differ in their reservoir animal species and in their cell culture specificities. 24, 26 Confirmatory viral diagnosis of MCF is tedious and often unrewarding. Primary virus isolates are highly cell associated, except those from neonatal and juve- nile animals. 5, 8, 17 Viral infectivity is eliminated rapidly by freezing and by specimen autolysis. AHV-1 and AHV-2 replicate slowly, may require repeated passage using cell-associated techniques, are initially noncytopathic, and are not easily demonstrable in infected tissues by immunofluorescence or electron microscopy 5, 8, 17, 19 Our goal was the development of a rapid dehnitive diagnostic test for AHV-1 based upon the nested PCR amplification1 5 of unique viral DNA. In the course of test development, a previously cloned AHV-1 DNA fragment 25 was confirmed specific for AHV-1, except for weak homology to AHV-2, and a portion of the clone was sequenced. Based on that sequence, a nested (first and second stage) PCR test was developed. The identity of amplified DNA was rapidly and easily confirmed by double restriction endonuclease digestion. A simple buffy coat preparation method was devised, and the cluster of techniques was applied successfully to the identification of AHV-1 and AHV-2 in bovine blood and cell culture origin specimens.
Materials and methods
Viruses, viral propagation, and viral DNA extraction. The origins of and propagation methods for the ruminant herpesviruses employed are referenced in Table 1 . 7, 8, 24, 26 Two nonruminant herpesviruses, equine herpesvirus-1 (EHV-1) and pseudorabies virus (PRV), were also propagated for use with the ruminant isolates in hybridization analyses. Viruses were purified by sucrose density gradient centrifugation, and DNA was extracted by proteinase K digestion followed by phenol/chloroform extraction. 25 AHV-1 subcloning, probe preparation, and hybridization analysis. DNA from plasmid pB25, 25 containing a 6.4-kb (kilobase) cloned fragment of AHV-1 DNA, was digested with Hind III endonuclease. The excised 6.4-kb viral fragment was subcloned into pUC 18. 27 The resulting plasmid (pB25/1) was grown in E. coli JM109 a cells and purified by alkaline lysis procedures. 3 pB25/1 was used for DNA sequencing and as a probe directed against genomic DNA from AHV-1, AHV-2, BHV-1, BHV-2, BHV-4, PRV, and EHV-1.
Probe DNA was labeled with 32 P-dATP by the random priming technique. b,6 Samples of DNA from purified viruses, uninfected bovine turbinate cells, pB25/1, and pB25 were digested with Hind III endonuclease, Southern blotted, and probed with 32 P-pB25/1 DNA under both high stringency and reduced stringency conditions. 10, 25, 26 As previously described, 10 high stringency hybridizations were conducted in 50% formamide at 42 C, and reduced stringency examinations were conducted in 20% formamide at 52 C. High stringency blots were then washed twice in 0.1 x standard saline citrate (SSC) (1 x SSC is 0.15 M sodium chloride, 0.015 M sodium citrate, pH 7.0)-0.1% sodium dodecyl sulfate (SDS) at 55 C for 15 min, and their low stringency counterparts were washed twice at 25 C in 1 x SSC-O. 1% SDS. The washed blots were exposed to X-ray film, and the resultant autoradiographs were photographed. 26 DNA sequencing and sequence analysis. Automated fluorescent dideoxy DNA sequencing protocols were used to sequence a portion of the pB25/1 viral insert 21 Overlapping stepwise sequences were derived, eliminating the need for further subcloning. Beginning with the pUC/M13 forward (-40) universal primer, c the 3' region of derived sequence was used to select new priming sites and to synthesize c complementary oligonucleotide primers for further downstream sequencing. Progressive stepwise sequencing was repeated 3 times to develop a confirmed 622-base pair (bp) sequence. Analyses for PCR primer sites and unique restriction endonuclease sites (Pvu II, Stu I) were performed using commercial software. d The GenBank database was used to search for homology between the AHV-1 and other herpesvirus sequences. 2 Buffy coat preparation and animal inoculation. Two 150kg calves (#36 and #37) were each inoculated intravenously (IV) with 10 6 TCID 50 of AHV-1 (WC11) virus. Two additional calves #38 and #39) were each inoculated IV with 500 ml of fresh titrated wildebeest blood collected from 4 suspected carriers of AHV-1. e Calves were treated with dexamethasone 9 3-10 wk postinoculation (PI) in an attempt to effect viral recrudescence and/or induce clinical MCF. Calves were tested at intervals for AHV-1 serum neutralizing antibody, 5 and additional 5-ml blood samples for buffy coat preparations were mixed with 5 ml of ACD solution (0.24 M sodium citrate, 0.24 M dextrose, pH 7.2). Buffy coats (BC) were aspirated following a 20-min centrifugation (1,170 x g) and washed twice in 2.5 ml of cold buffered water (0.0132 M sodium phosphate, pH 7.2). Isotonicity was restored after each wash with 1.25 ml of cold buffered 2.7% sodium chloride solution. The BC pellets, free of erythrocyte contamination, were digested overnight at 50 C in 1 ml of 0.01 M Tris (pH 9.0), 0.5% Tween 20, and 250 µg/ml of proteinase K. b Digests were then boiled 10 min to inactivate the proteinase K, and 5 µ1 of the solution was used directly in PCR reactions. Density gradient purified f lymphocytes were also digested and heat treated as described above.
Polymerase chain reaction and amplificate analysis. Separate gloves, facilities, positive displacement micropipetters, and equipment that had been washed in acid and irradiated with ultraviolet light were used for PCR reaction preparation and amplificate analysis. Amplification reactions (50 µ1) employed commercially available reagents at the manufacturer's recommended concentrations. g First (external)-and second (internal, nested)-stage primer sequences are illustrated in Figure 1 . Thermal cycling conditions for both stages were 7 min at 94 C, followed by 35 cycles of 94 C (60 sec), 62 C (30 sec), and 72 C (75 sec). A final 7-min 72 C period followed. Unaltered first-stage amplificate (5 µ1) was used with second-stage primers in nested reactions. Amplificates (10-20 µ1) were electrophoresed at 85 volts through 2.5% (w/v) agarose gels h either directly or after incubation (37 C, 60 min) with 10 units of Pvu II or Stu I restriction endonucleases. Ethidium bromide-stained gels were photographed for amplificate analysis. 
Results
Hybridization analysis and AHV-1 DNA sequence.
Hybridization of pB25/1 under low stringency conditions demonstrated that the plasmid hybridized with the Hind III 6.4-kb fragment of AHV-1 DNA from which it was cloned ( Fig. 1 A, 1B, lane 7) . Additionally, pB25/1 hybridized with three fragments of Hind III digested AHV-2 DNA (Fig. 1A, 1B, lane 6) . Even under low stringency conditions, however, no hybridization was detected with any of the other herpesvirus genomes shown in Fig. 1 . Under high stringency conditions, pB25/1 only hybridized to AHV-1 DNA (Fig.  1C, lane 7) and did not hybridize with DNA from AHV-2 or any of the other bovine or porcine herpesvirus genomes examined. No hybridization of pB25/1 occurred with EHV-1 DNA under either high or low stringency conditions (data not shown). These findings confirmed that the pB25/1 sequence was unique to AHV-1 and AHV-2 among all the herpesviruses that PCR results. Figure 3 displays the first-stage (outer primers) amplification of an AHV-1 (WC 11) viral DNA target added at 10 -5 and 10 -6 dilutions to water, to density gradient purified lymphocyte digests, and to BC digests. The virus-specific product was produced with nearly equal intensity at equivalent dilutions. The sensitivity limit of the nested PCR was investigated by adding 10 -1 -10 -10 dilutions of AHV-1 (WC 11) virus (titer of 10 6.0 TCID 50 /ml) to negative BC specimens ( Fig. 4 ). First-stage amplification results were positive through the 10 -6 dilution (Fig. 4, lanes 4-8) . Nested (inner primers, second stage) amplifications performed on aliquots of first-stage material yielded the 172-bp specific viral product through the 10 -8 virus dilution (Fig. 4, lanes 11-14) . A second and unexpected band might be isolated from cattle. The 487-bp AHV-1 (WC11) DNA sequence of pB25/1 used in the PCR diagnostic test is illustrated in Fig. 2 6) , gradient purified lymphocytes (lanes 8, 9) , or osmotically washed whole buffy coats (lanes 11, 12) . Lanes 5, 8, and 11 contain a 10 -6 dilution of virus, and lanes 6, 9, and 12 contain a 10 -5 dilution of virus ( 10 6.0 TCID 50 /ml). Lanes 1, 3: amplified WC11 DNA (+) controls. Lane 2: Molecular size standards (bp). Lanes 4, 7, 10: negative controls (water, purified lymphocytes, whole buffy coats, respectively). Arrow denotes 487-bp product. All samples (4-12) digested 16 hours at 50 C and then boiled 10 minutes prior to PCR. of approximately 200 bp routinely accompanied the predicted 172-bp band when viral DNA, but not pB25/1 plasmid DNA, was amplified ( Fig. 4, lanes 9,  11-14 ). The second band was eliminated by reducing primer concentrations until the predicted product was only weakly amplified.
Restriction endonuclease confirmation of PCR product identity is shown in Fig. 5 . First-stage products were cleaved by Pvu II and Stu I into the predicted 33%bp and 149-bp, and 226-bp and 261-bp fragments, respectively. The 172-bp nested second-stage product was cleaved only by Pvu II into 116-bp and 56-bp fragments as predicted by the DNA sequence data. The second-stage extra band was also cleaved into 2 fragments of approximately 150 and 50 bp.
No specific amplification occurred with bovine cel- lular DNA or any of the non-AHV bovine herpesviruses listed in Table 1 . DNA from all 5 of the AHV-1 isolates and both AHV-2 viruses were specifically and identically amplified using the PCR procedure.
Animal inoculations and PCR amplifications from blood buffy coat. None of the calves inoculated with
AHV-1 developed clinical illness at any time during the study. Calf #36 alone developed a persistent and rising AHV-1 serum neutralizing response first detected 14 days PI. However, using the PCR procedure with the primers illustrated in Fig. 2 , BC specimens from calf #36 were virus DNA positive continuously on and after 3 days PI ( Table 2 ). All the other calves and the blood donor AHV-l-suspect wildebeest were uniformly negative by both PCR and serum neutralization tests.
Discussion
Previous molecular cloning of AHV-1 DNA and in situ hybridization data suggested that clone B25 contained DNA unique to AHV-1 among bovine herpesviruses. 14, 25 Under reduced stringency conditions, however, nucleic acid hybridization to AHV-2 was also clearly detectable. This hybridization was mildly surprising because crossed hybridization experiments had not previously revealed extensive sequence homology between AHV-1 and AHV-2. [24] [25] [26] Even under reduced stringency, none of the other bovine herpesviruses, PRV, or EHV-1 were recognized by the pB25/1 probe. We felt, therefore, that a portion of the pB25/1 DNA sequence would be an ideal target for an AHV-1 /AHV-2-specific PCR diagnostic test. The PCR primers ef- Table 2 . Polymerase chain reaction (PCR) and serum neutralization (SN) response of calf #36 following alcelaphine herpesvirus-l (AHV-1) (WC 11) inoculation. fectively amplify both AHV-1 and AHV-2 sequences of identical size and restriction endonuclease characteristics. All 5 AHV-1 and 2 AHV-2 isolates were detected by the PCR procedure, whereas BHV-1, BHV-2, and BHV-4 went totally undetected. These data and the hybridization analyses presented in Fig. 1 suggest that the procedure is specific for AHV-1 and AHV-2 diagnostic identification. The 62% sequence homology found with an EBV DNA sequence' supports the classification of AHV-1 as a gammaherpesvirus. 4, 20, 22 The only other reported AHV-1 sequence also has a substantial but slightly lower (57%) degree of sequence homology with the EBV genome. 11 The previous use of ruminant buffy coats to isolate infectious AHV-1 5, 8 led to the search for a simple method of preparing bovine blood for PCR. Rapid hypoosmotic lysis of erythrocytes coupled with proteinase K, nonionic detergent, and heat treatments eliminated the need for lymphocyte purification and organic solvent extractions. A similar simple approach has worked well in the PCR diagnosis of other lymphotropic viral pathogens, including human immunodeficiency virus (HIV-1). 12 Detection of viral DNA in vivo only 3 days PI and the detection of viral DNA in a 10 -8 dilution of 10 6.0 TCID 50 /ml reference virus attest to the sensitivity of the technique. Noninfectious defective interfering viral particles and/or the possibility that the PCR target may be a repeated sequence may account for the detection of as little as 0.01 TCID 50 of AHV-1. The presence of a specific double band following nested second-stage PCR when using whole virus, but not cloned pB25/1, may result from primer recognition sequences repeated elsewhere in the AHV-1 and AHV-2 genomes.
Malignant catarrhal fever is a disease not easily or rapidly diagnosed by conventional virus isolation methods. The PCR and associated procedures herein described may substantially enhance the virologic diagnosis of clinically overt, persistent subclinical, and latent AHV-1 and AHV-2 infections. These techniques may be useful in testing imported ruminants, particularly alcelaphines, for inapparent AHV-1 and AHV-2 infections. An etiologic herpesvirus has recently been isolated from sheep-associated MCF for the first time. 23 The reactivity of that virus in the test described here is unknown.
